This paper discusses the development of Roman antimony decolourised natron glass, its dominance, and subsequent decline, using new trace element data for colourless glass found in Britain. Experimental glasses are used to investigate the influence of different proportions of raw materials (particularly the ratio of natron to calcium carbonate) on the resulting transparency or opacity of glass when antimony is added. Focusing on the 1st to 3rd centuries AD, the study has found that (1) There are chronological differences in antimony colourless glass compositions including (a) some early vessels have abnormally low calcium, aluminium and barium levels; (b) 1st/mid-2nd-century AD vessels in Britain may also contain up to 0.6 wt% lead oxide whereas mid-2nd/3rd-century AD vessels contain less than 300 ppm, and (c) the antimony content tends to decline over time. (2) These developments can be linked to production and recycling practices; but trace elements suggest that all of these antimony colourless glasses share an origin, probably Egypt. (3) Crucially, production of experimental glasses illustrates the inherent suitability of a sodium-rich, calcium-poor base glass composition for making antimony colourless glass, as it readily dissolves added antimony; conversely lower-sodium, higher-calcium glasses start to form opacifying calcium-antimonate crystals with the same quantities of antimony. Thus, the sodium-rich, calcium-poor glass composition from Egypt was ideally suited for decolourising with antimony and formed a water-clear glass. The calcium-rich Syro-Palestine glasses were more easily opacified with antimony to make opaque glass, but were decolourised with manganese, not antimony.
Introduction
Colourless ancient glass is often seen as a pinnacle of quality and technical accomplishment because it is difficult to make, since even low levels of contaminants in the raw materials give glass a strong colour. Before the Roman period, this is reflected by the relatively rarity of colourless glass, and yet large assemblages of colourless and nearly colourless glass are typical of many Roman archaeological sites. Once the technology had been mastered, colourless glass lent itself to display and decoration by cutting and engraving, much like the rock crystal it closely resembled. This paper traces the development of antimony colourless natron glasses, using high quality glass from British consumption assemblages from the mid-1st century AD until well into the 3rd century AD, and places them in the context of Hellenistic antimony decolorised glasses. It also explores the influence of different raw materials and the base glass compositions on the resulting glass transparency or opacity. The glass analysed is from sites across Britain (Binchester, Colchester, Wroxeter, Lincoln, York, Chester, Gloucester, Canterbury, London, Winchester and Wilcote) (Fig. 1 ). This period represents the peak of antimony decolorised glass production and consumption in the ancient world. The major element compositions of these samples have been published previously in a series of studies involving the authors but are reproduced here for ease of reference. This paper presents new trace element data, using LA-ICP-MS, and experimental work to explore how the Roman antimony colourless glass may have originated and how its composition changed over time in this northern province. New potential explanations for the changes in lead content are provided, centering on recycling.
Background

Ancient natron glass production
From around the 8th century BC a natron flux was commonly added to a silica source (Eichholz 1962; Jackson et al. 2016; Sayre and Smith 1961; Turner 1956 ) resulting in glasses with low levels of potassium, magnesium and phosphorus oxides. These natron glasses contain significant proportions of calcium (up to 10 wt%), but as there is little calcium in the natron, the calcium oxide present is attributed to either shell, whether added separately or as an integral part of the sand used, or calcium-rich stone (see Turner 1956, 281) .
Archaeological evidence for the production of early natron glasses has proved elusive, although possible Hellenistic production of glass has been reported from Rhodes and Beirut (Rehren et al. 2005; Triantafyllidis 2000 , Kowatli et al. 2008 . By the Roman period however, natron glass was being manufactured on a vast scale making use of tank furnaces. Primary glass production sites have been identified in Egypt and more recently in the Levant (Gorin-Rosen pers. com, Nenna et al. 1997; Nenna 2015) , and there is evidence for large-scale glassmaking continuing into later periods in these regions, for example in Beirut, Lebanon, and at Jalame, Israel (Henderson 2013, 215-222) . This confirms an account by Pliny the Elder, writing in the first century AD, who describes long-established manufactories in the Syro-Palestine area of the Eastern Mediterranean (NH XXXIV:65-66, Eichholz 1962) . Although Pliny adds that glass was also produced in Italy, Gaul and Spain, no conclusive evidence for glassmaking has been found in these areas yet Brems and Degryse 2014; Silvestri et al. 2006; Vallotto and Verità 2000) .
The glass produced in these large furnaces was then transported in chunks to workshops to be shaped (Foy et al. 2000; Galili et al. 2015; Price and Cool 1991; Silvestri et al. 2008) . Contemporary wrecks provide evidence for this trade in raw glass; cargoes also contained collections of broken glass for recycling (cullet) as well as finished glassware ready for use (Fontaine and Foy 2007; Thirion-Merle and Vichy 2007) .
Numerous studies of Roman glass have identified only a small number of dominant transparent glass compositions. These include a manganese decolourised glass (high-Mn), an antimony decolourised glass (Sb) and a blue-green manganese glass (low-Mn), as well as recycled mixtures of these (Sb-Mn) (see references in Jackson and Paynter 2015, Table 3 , Foy et al. 2003 and Gliozzo 2017) . This evidence suggests that the market was dominated by a correspondingly small number of large production centres, but that the glass was widely consumed across the empire and beyond (Stern 1991) , and recycled often. However, it is documented that the Levantine Belus glassmaking sand was collected by boat and shipped elsewhere (Flavius Josephus, Bellum Judaicum II, 10; Strabo XVI, 758), and Egyptian natron was also exported, so theoretically both could have been used to make chemically similar glass at other locations.
Decolorisers and opacifiers
The appearance of the 'base' natron glass could be changed using additives, and in Roman glasses this was often accomplished with the addition of metal-containing minerals. Lead antimonate was used for yellow (and in combination with copper (Cu 2+ ) blue to make green), and calcium antimonate for white (and in combination with copper (Cu 2+ ) or cobalt (Co 2+ ) for opaque blue) and references therein). In the 2nd/1st centuries BC, lead is also found in opaque blue and white glasses (Brill 1999; Licenziati and Calligaro 2015) , even though lead is not necessary to produce the colour or opacity in those cases. Lead-rich opaque white glass continues to be used until around 60 AD for selected objects, such as cameo or pillar-moulded vessels and plaques (with rare exceptions), however the majority of Roman opaque white glass is lead-free (Bimson and Freestone 1983;  In contrast manganese decolourised glass (high-Mn), and a variety of blue-green or aqua glasses that also contain some manganese (low-Mn), have been associated with SyroPalestine production, making use of the famous Belus sand (for example Group 3, Foy et al. 2003; Jackson and Paynter 2015; Group CL2, Silvestri 2008; Thirion-Merle and Vichy 2007) . This is supported by Pliny who mentions the long-lived glassmaking tradition in this area, and the Diocletian edict, which describes blue-green glass as Judean (Barag 1987 ; and summary of text sources by Gliozzo 2017) .
The use of different decolorisers in the two primary production locations is of significance. To date, the primary focus of research into these decolorisers has tended to be on identifying potential sources of these minerals available in different regions, which may have influenced the glassmakers' choice of decolouriser (e.g. Shortland 2002 ). However, each region also used slightly different proportions of glassmaking raw materials when making natron glass, and different sand sources, producing base glasses of slightly different compositions. These differences are important for the choice of decoloriser in the glass and this forms the basis of the experimental work reported later in this paper.
Development of antimony decolourised glass in the 1st millennium BC
The use of antimony as a decolouriser in the 1st millennium BC is nearly always in natron glass (Table 1) , with a few exceptions (such as the Neoassyrian plaques from Nimrud, which are made from plant ash glass (Brill 1978) ). These early antimony colourless glasses were high status objects, such as Achaemenid bowls, Hellenistic colourless and gold-glass vessels, and gilded or painted glass inlays or plaques from Table 1 Compositions of 1st-millennium BC antimony colourless glass from Brill (1978) , Ignatiadou (2000) and Foy et al. (2004) Greece, Turkey and Iraq (Brill 1978; Brill and Barnes 1994; Foy et al. 2004; Ignatiadou 2000; Sayre 1963 ). (Later antique glasses are not discussed here but see Gliozzo 2017.) Table 1 shows published antimony colourless glass compositions of the 1st-millennium BC, highlighting changes through time. Three compositional traits relating to their base glass compositions are emphasised:
a) The calcium content increases slightly over time until the late Hellenistic period and, with the exception of the late Hellenistic examples, all the glasses contain more than 6 wt% of calcium oxide. b) The alumina content, derived from impurities in quartz pebbles or sand, increases around the 4th century BC potentially reflecting a change in the silica source. c) The antimony content generally increases with the ratio of sodium to calcium, so the glasses with the lowest sodium and highest calcium contents contain the least (< 1 wt%) antimony oxide. There is a good correlation where all other factors (the glass composition and presumably conditions for making the glass) are comparable; the correlation is therefore strong for contemporary material from one site e.g. Rhodes (reviewer's observation). The late Hellenistic examples do not sit on the same trend line as the other glasses however, as these contain higher levels of silica and lead oxide, making comparisons less meaningful.
Amongst the glasses in Table 1 , the late Hellenistic antimony colourless glasses are distinctive. For around the 1st century BC, there are very few analyses of antimony colourless glass, with the exception of these two vessels reported by Foy et al. (2004) , although these are not closely dated. These antimonydecolorised glasses are markedly different from the preceding ones. They have low levels of aluminium (less than 1.5 wt%) and calcium oxides (less than 5 wt%), less than 100 ppm barium (Foy et al. 2004, Lot A group, Fig. 4 (Marseilles) ) (Table 1) and are more silica-rich; both of these examples also contain significant amounts of lead oxide.
Some of these late Hellenistic compositional traits continue into the 1st century AD in specific high quality vessel forms (see later in this paper). However, in assemblages from much of continental Europe, by the mid-1st century AD, this is replaced by antimony glass with nearer 6 wt% calcium oxide, 2 wt% aluminium oxide and 130 ppm barium, and less than 0.6 wt% lead oxide. Lead disappears altogether from antimony colourless glass later in the 2nd century AD (Baxter et al. 2005; Paynter 2006; Silvestri et al. 2008 ).
Material and analytical methods
The new data presented here are for excavated fragments of Roman colourless glass of 1st-to 3rd-century AD forms from sites in Britain. These include cast vessels (c.AD70-160), cylindrical cups (c.AD160-210), wheel-cut beakers (c.AD80-175), facet-cut vessels (c.AD70-160) and later convex bowls (mid-2nd to 3rd centuries AD) (Baxter et al. 2005; Cool and Jackson 2004; Cool and Price 1995; Price and Cottam 1998; Price and Worrell 2010 ; and the unpublished report for the Lincoln glass by Price, Cottam and Worrell) . The identification of vessel type is essential for understanding how different glass compositions were used, and for providing a date range for the glass compositions (Heyworth et al. 1990; Jackson 2005; Mortimer and Baxter 1996; Paynter 2006) . The vessel types and date ranges are given in Table 2 .
The major element data (Table 2 ) have been published previously for all of the samples but are reproduced here for convenience with an increased number of elements (see Jackson et al. (2003) and Baxter et al. (2005) for Colchester, Wroxeter, Lincoln, York, Chester, Canterbury, London, Winchester and Wilcote, and Paynter (2006) for the other samples from Colchester and Lincoln and Binchester). All major elements were analysed in solution using inductively coupled plasma spectrometry using the NERC facility located at Royal Holloway, University of London (see supplementary data).
None of the trace element data in Table 2 have been published previously. Some trace elements have been previously published for samples labelled BIN, COL or LIN, but these were re-analysed with ICP-MS to ensure comparability with the others, and because 11 further elements were sought. The trace elements were determined using a CETAC LSX-100 laser ablation system at Imperial College, Ascot. Sample preparation, instrument parameters, protocols, detection levels and figures for precision and accuracy of the data are reported in Jackson and Nicholson (2010) and in the supplementary data. The data show a good correspondence with the consensus values for NIST 612, given in Pearce et al. (1997) . Thirty replicates of NIST 612 over the run showed a precision better than 10%.
The experimental melts were produced using laboratory grade sodium bicarbonate, calcium carbonate and L30A glassmaking sand with additions of antimony oxide as appropriate (Table 4 ). The batches were heated in mullite-rich crucibles to 1100°C for 2 h in a silicon carbide electron furnace and allowed to cool slowly according to the methods of Jackson and Smedley (2004) and Foster and Jackson (2005) and see supplementary data. These were analysed using an FEI Inspect SEM and Oxford Instruments EDS system, with operating conditions of 25 kV and~1.5 nA. Corning standards were analysed to ensure precision and accuracy. 
Results
There are several chronological trends observed in the compositions of the antimony colourless glass analysed here.
1. Some of the earliest vessels, from the 1st to mid-2nd century AD, have the same low-calcium base composition as late Hellenistic antimony colourless vessels (reported by Foy et al. 2004 ). They contain less calcium (~4 wt%) and aluminium oxides (~1.4 wt%), and barium (~70 ppm) than the rest (Table 3) . Trace element data for 3 of these are presented (Table 2 ): BIN16 from a context dated to 90-95/100 AD, LIN45 (one of the earliest variants of facet-cut beaker with rare jigsaw facets) and COL211 from a context dated to 65/80-150 AD. 2. The lead content decreases through time (Fig. 2) . Some of the 1st-century AD antimony colourless glass analysed here contains up to 0.6 wt% of lead oxide (Fig. 2) . The highest levels are in the lower-calcium glasses, described above (Table 3 ). For those glasses that do contain lead, there is a broad positive correlation between lead and antimony oxides. In contrast, the wares post-dating the mid-2nd century AD contain only traces of lead (less than 300 ppm), such as the cylindrical cups and the later variant of facet-cut bowl. 3. The amount of antimony present is high initially but gradually decreases towards the 4th-century AD (Fig. 3 ).
Discussion
The base composition of antimony decolourised glass A further 17 samples with the lower-calcium composition, also facet-cut or the bases of cast wares, have been identified in previous studies of British antimony colourless glass (COL 222, 224, 225, 417, 209; LIN 49, 52 and BIN 24 in Paynter (2006); 10, 77, 81, 167, 168, 197 and 198 in Baxter et al. (2005) ). These examples from Britain are all types of vessel dating to early in the Roman period. They Fig. 2 Average lead content (ppm) of antimony colourless glass from Roman sites in Britain (data from Table 2), with one standard deviation shown by bars. Cast and facet-cut vessels (late 1st to mid-2nd century, with the low-calcium vessels likely to be earliest), wheel-cut cups (late 1st to 2nd), cylindrical cups (late 2nd to mid-3rd), and convex facet-cut bowls (mid-2nd to 3rd). have the same base glass composition as the late Hellenistic antimony colourless vessels from Carthage and Marseille (Foy et al. 2004) , so are likely to be a continuation of the late Hellenistic composition. More analyses of late Hellenistic antimony colourless glass are needed to explore this, but the low-calcium base composition appears to be characteristic of 1st century BC/early 1st century AD antimony colourless glass, whereas the more typical Roman antimony colourless glass, still sodium-rich but with slightly more calcium oxide (~5 to 7 wt%), becomes ubiquitous by the mid-1st century AD. The lower-calcium base glass, found in earlier vessels, and the subsequent standard Roman antimony colourless glass have very similar trace (Fig. 4) element compositions, and so are probably related and originate from the same general region. The ratios of elements, such as barium and aluminium, are comparable suggesting similar mineral assemblages in both. The lower aluminium, and barium in the earlier glass reflects lower concentrations of minerals, such as feldspar, and so use of purer sand. The zirconium is mostly low, but with occasional outliers, which also seems to be a pattern in these antimony colourless glasses.
If these antimony colourless glasses share the same origins, then the slight differences in the base glass composition, from late Hellenistic through Roman, may be due to the heterogeneity of the sand source, with depth or across an area, resulting in subtle changes in the glass composition over time. Alternatively these glasses may be the products of different, but nearby, furnace sites. Pliny also describes the intentional addition of shell in glassmaking (Nat. Hist. XXXVI: 194), which could be used to increase the calcium (and strontium) content of the glass, necessary for glass stability, which may explain the increased levels of calcium in the later antimony colourless glasses.
The lead and antimony contents of the low-calcium samples from various British assemblages are plotted in Fig. 5b , and the range is similar to other facet-cut vessels from this assemblage.
The origins of Roman antimony colourless glass
In addition to contemporary literary accounts, archaeological evidence suggests a probable Egyptian origin for Roman antimony decolourised glass (as well as the earlier variant with low-calcium). Picon et al. (2008) analysed glass from several primary production sites in the Wadi Natrun, Egypt, with multiple phases of activity producing different types of glass, some of which are without close parallels elsewhere (Nenna 2015) . Within these different compositions, it has been noted that the antimony decolourised glass from Beni Salama (Picon's composition wnc) is most comparable to standard Roman antimony glass, sodium-rich with low levels of calcium and aluminium oxides and zircon. Two samples from the same site (Picon's composition wnd) contain lead as well as antimony, and have unusually low levels of calcium oxide (1.6 wt%), traits shared with late Hellenistic antimony colourless compositions. Use of the Beni Salama furnaces appears to span the end of the 2nd century BC to the beginning of the 3rd century AD (Nenna 2015) . (Foy et al. 2004) , and absence of lead in most Roman antimony colourless glass from Britain (Table 2) , with intermediate levels (up to 0.6 wt%) in 1st/2nd-century AD examples, potentially due to recycling. b Detail from Fig. 5a , showing the absence of lead in most Roman antimony colourless glass from Britain (Table 2) , with intermediate levels (up to 0.6 wt%) in 1st/ 2nd-century AD examples, potentially due to recycling; (low-Ca samples from other British studies also included -see text)
In summary, some antimony colourless glass from around the 1st century AD in Britain shows a particularly low-calcium, low-barium, low-aluminium composition. This composition appears to have its roots in the late Hellenistic period, but from the early 1st century AD the standard Roman antimony colourless glass composition, which contains a little more calcium and aluminium, dominates Roman assemblages from Britain and beyond. There are similarities between the lowcalcium and standard compositions though, suggesting that they share a common origin, and present evidence connects them with Egypt. There is variation in the lead content however, and this is explored in the following section.
Lead levels in Roman antimony colourless glass from Britain
Some of the early 1st-to 2nd-century colourless glasses from Britain contain lead oxide in concentrations up to 0.6 wt%, whereas most of the Roman antimony colourless glass analysed here contains none (less than 300 ppm). The amounts vary greatly (Fig. 2) , but even 0.6 wt% lead oxide is still unlikely to have had a noticeable effect on the glass properties, so intentional addition of lead seems unlikely at these levels.
Lead has previously been attributed to contamination in the antimony source used to decolorise some of the glass (e.g. Huisman et al. 2009; Paynter 2006) . This contamination would derive from an antimony source which contained some lead gangue mineral, and this is a possibility as antimony ores are often sulphides and mineralogically complex mixtures (Anderson 2012; Foster and Jackson 2005; Gliozzo 2017; Paynter et al. 2015) . However, the trace element analyses (Table 2) show that the antimony used for colourless glass was very 'clean'. The levels of barium, zinc, iron, copper, sulphur etc. are consistently very low; only lead is occasionally elevated. A clean source of antimony would have been essential to ensure that no colouring contaminants, in particular iron, were inadvertently added to the glass. Similarly, a clean source may have been necessary for opaque white glass for the same reasons. The likely source of this antimony is not known, but Transcaucasia has been suggested as a possible source of relatively pure antimony in the context of Bronze Age Egyptian glass colourants (Shortland 2002) .
Therefore the lack of contaminants in the analysed antimony colourless glass, demonstrated by the trace element analyses, is more consistent with clean sources of lead and antimony being intentionally combined to prepare this glass additive, as opposed to the lead being an accidental contaminant. It is also significant that the ratio of lead to antimony oxides (a ratio of PbO/Sb 2 O 3 of between 2 and 4) is roughly similar in some late Hellenistic white, turquoise blue and cobalt blue glass (e.g. Licenziati and Calligaro 2015; Bimson and Freestone 1983; Freestone and Stapleton 2015; Mass et al. 1998 ) and in the small number of late Hellenistic antimony colourless glasses analysed to date (Foy et al. 2004 ). This implies a deliberate combining of lead and antimony in fixed proportions originating in the late Hellenistic period, and a link between the additives used for contemporary opaque glass (where the opacifier was effectively white and so impurities must be minimised) and the new type of antimony colourless glass. The role of the lead is explored experimentally later in this paper.
In the British antimony colourless glass assemblage studied here, the maximum amount of lead detected is only 0.6wt% and a probable explanation for many of these samples is recycling. Around 3 wt% of lead oxide has been reported for the late Hellenistic antimony colourless glass analysed so far and subsequent recycling of this lead-bearing Hellenistic antimony glass could contribute small and changeable proportions of lead to each subsequent recycled batch. If only 15% of a batch was glass cullet containing 3 wt% lead oxide, it would contribute around 1700 ppm lead to the batch overall, the highest concentrations observed in some of these early Roman glasses. Mixing of the lead-bearing and lead-free types of Sb colourless glass would have been most common in the 1st century AD as fresh lead-free glass replaced the late Hellenistic lead-containing one. This would not only account for the wide range of lead levels (Figs. 5 and 6) found in each type of Sb colourless glass composition, but also why the lead disappears in the 2nd century AD, as very little glass from the 1st centuries BC/AD would still be circulating by this time (Fig. 2) . This would imply that a fairly large proportion of the early facet-cut vessels, blown and cast, reaching Britain were made from recycled antimony colourless glass. It will be interesting therefore to compare this assemblage with others from the Mediterranean coast for example, where fresh glass may have been more readily available, to see if the proportion containing lead is similar.
There is further evidence to support recycling in the antimony colourless glasses analysed here, as some of the glass has also been contaminated with a small amount of the contemporary manganese decolourised glass during previous recycling (up to 0.2 wt%, Table 2 ). This includes samples COL 452 and BIN 39, which contain elevated lead as well as manganese. This is detectable chemically but there is not enough contamination to make a difference to the appearance of the glass; it looks the same as the uncontaminated antimony decolorised glass.
A chronological model
In summary, the small number of antimony colourless glasses of the late Hellenistic period analysed to date contain around 3 wt% of lead oxide (eg. samples in Foy et al. 2004) . At some point prior to the mid-1st century AD, this practice may have changed and the same glass composition was made without lead (e.g. sample BIN16). Recycling of the lead-bearing and lead-free groups would lead to samples with intermediate lead levels (e.g. LIN45, COL 211). By the mid-1st century AD, large amounts of fresh, lead-free antimony colourless glass with a typical Roman composition (i.e. slightly higher in calcium and aluminium) are in use. During each of these transitions however, it is likely that some of the earlier glass would have still been circulating and valuable as a high quality recycling commodity for new colourless glass batches. During recycling these different antimony colourless glass types are likely to have been mixed, since they look the same and were all used for cast and blown cut-decorated vessels.
This chronological model of late Hellenistic through Roman antimony colourless glass production is summarised in Fig. 6 : the differing concentrations of lead oxide, antimony oxide, lime and alumina are illustrated, from the left: first lower-calcium glass with added lead/antimony, then the same glass but with only antimony, and finally standard Roman antimony colourless glass.
Supporting evidence for the chronological model from glass traded in Europe
At this stage, this model is based on the few reported analyses of later Hellenistic glasses and so it is difficult to assess how typical Britain is, at the north-western edge of the Roman world, relative to areas where fresh antimony colourless glass may have been more readily available. However wreck cargoes provide some support for this chronological model of antimony colourless glass development. The Embiez wreck, of the later 2nd century AD, contained lumps of fresh glass as well as finished vessels and windows (Fontaine and Foy 2007; Thirion-Merle and Vichy 2007) . All of the fresh glass was of the standard antimony colourless composition and none of it contained lead, confirming that this source of fresh glass was lead-free at this time. The finished vessels were also antimony decolourised and were mostly lead-free, but three did contain some lead, and also manganese, consistent with the use of recycled glass for those items (Thirion-Merle and Vichy 2007).
The early 3rd-century AD Iulia Felix wreck, contained a barrel of fragments from glass bottles, plates and cups, collected for recycling Ganio et al. 2012) . Since this glass was presumably already old at the point it was collected, a range of dates may be represented, some potentially much earlier than the date the ship was wrecked. Much of the colourless glass was decolourised with antimony and most contained no lead, consistent with other assemblages of the later 2nd and 3rd centuries. There were only two exceptions (bottles BO7 and BO8 with~1000 ppm lead), but both also contained less than 100 ppm of barium, suggesting that these two samples may be older than many of the other fragments (Fig. 6) .
Isotope analyses (Nd and Sr), which have been used to give an indication of the sand source for natron glass production, gave similar results for all of the Iulia Felix analysed antimony colourless glass samples on the ship, including those with low-calcium and barium levels. This suggests a common origin for all of the antimony colourless glass base compositions (low-calcium and standard Roman), regardless of chronological and compositional variation (Ganio et al. 2012) , and supports the evidence presented here that the antimony colourless glasses from the late Hellenistic period to the 4th century AD originated in the same region, probably Egypt. The influence of base glass composition on antimony solubility
The amount of antimony oxide dissolved in the glasses analysed here changes depending on the glass composition. Amongst the colourless Roman British glasses, the highest antimony concentrations are found in the 1st-century AD examples with especially low calcium contents (high sodium to calcium ratios). At the other end of the scale, the lowest levels of antimony are found in the glasses containing a low ratio of sodium to calcium. The same pattern is observed in 1st-millennium BC antimony colourless glasses (Table 1) .These trends together suggest that antimony dissolves in larger amounts, decolourising more effectively, in glasses that are rich in sodium and low in calcium; but when antimony is added to a calcium-rich base glass, then white calcium antimonate will precipitate, causing the glass to become opaque.
Comparing antimony colourless and opaque white glasses
From a comparison of colourless and opaque white glasses of late Hellenistic / Roman date, it appears that glassmakers and glassworkers were aware of the importance of base glass composition on the behaviour of antimony. This comparison is particularly significant for the Roman period, as by then antimony colourless glass was as widely available as manganese decolourised glass, so any preference for one over the other is more likely to reflect a choice on the part of the glassworker (rather than the more limited availability of antimony decolourised glass prior to the mid-1st century AD).
The base glass preferred to make opaque white was the calcium-rich, manganese decolourised composition of probable Syro-Palestine origin (high Mn glass), indicated by the low ratio of sodium to calcium and presence of manganese (Fig. 7) . The manganese decolouriser was added during primary production to provide a colourless base, whereas the antimony would have been added at a secondary workshop in order to make the glass opaque white.
In contrast sodium-rich, calcium-poor, Egyptian base glasses were used to make contemporary antimony decolourised glass (Fig. 7, Table 2 ). The antimony additive was added during primary production, and it dissolved causing the glass to decolourise. In this period, it appears the two base decolourisers were not perceived as interchangeable; manganese was preferred for decolourising calcium-rich Syro-Palestine glasses and antimony for Egyptian; and Egyptian glass (Fig. 7) was often avoided when making opaque white glass. As well as being made from different base glasses, opaque white glass typically contains more antimony (between 1.5 and 10 wt%) than the contemporary colourless glass (less than 1.5 wt% antimony oxide).
Experimental reproduction
To demonstrate how the behaviour of antimony was influenced by the choice of base glasses, and the role of lead in the late Hellenistic glasses, experimental work was conducted to replicate two base Egyptian and Syro-Palestinian glass compositions, adding antimony oxide, and then lead oxide as well. Experimental batches of glass of (a) the Syro-Palestinetype (16 wt% Na 2 O, 8.5 wt% CaO, 2.5 wt% Al 2 O 3 , 73 wt% SiO 2 ) and (b) the Egyptian-type (20 wt% Na 2 O, 5.5 wt% CaO, 1.5 wt% Al 2 O 3 , 73 wt% SiO 2 ) glasses were made. To each was added 3 wt% antimony oxide, which is around the maximum found in colourless glasses and the minimum found in opaque white glasses. The analysed composition is shown in Table 4 . The photographs below show that the Syro-Palestine glass started to form white crystals whereas the Egyptian glass remains brilliant and transparent (Figs. 8 and 9 ). The higher calcium levels in the Syro-Palestine base glass caused the precipitation of opacifying calcium antimonate crystals, whereas the antimony has dissolved more readily in the calcium-poor Egyptian base glass under the same conditions, producing a brilliant, refined, colourless glass.
The role of lead oxide
The experiment was repeated adding lead oxide to the glass compositions, such that the bulk composition contained 2 wt% lead oxide (Table 4 ). The presence of lead oxide caused more rapid interaction with the crucible. In the Egyptian base glass, the antimony dissolved as before. In the Syro-Palestine base glass, antimonate crystals again formed, but tended to be better dispersed with fewer clumps, giving the glass a more even opacity. Glassworker Mark Taylor (pers. com.) also described how adding lead oxide to white glass made the melt easier to work, by reducing its 'grittiness'. The presence of lead would therefore have been advantageous to glassworkers making opaque white glass, since it improved the workability of the glass, and probably the opacity by producing finer, better dispersed crystals. Lead oxide would also reduce the thermal expansion of the glass, and its viscosity and surface tension at a given temperature, which could assist during the making of cameo or other layered objects, where layers of different glass were adhering to one another. The increase in refractive index would make the glass appear glossier and a high lead content may have made the glass easier to cut.
For colourless glasses, particularly the Hellenistic variant that contained very low levels of stabilising calcium and aluminium oxides, added lead and antimony oxides may have played an important role in making the glass slightly easier to refine and work, as lead lowered the eutectic temperature of the melt. Although it may not have been obvious at the time, it probably also made the glass more durable, preserving these glasses for the archaeological record (Huisman et al. 2008) .
A final consideration is that lead may have been combined with antimony in the late Hellenistic period as part of a process to prepare antimony minerals before adding them to the glass. Lead is used in refining because it oxidises easily, and then combines with other oxide phases. There is a long history of lead being calcined with either antimony or tin compounds (and sometimes both), often with fluxes and silica as well, in the production of pottery glazes, enamels, glasses and paint pigments from many periods. These lead-rich mixtures were Fig. 8 The experimental Egyptian glass is transparent, sparkling and bubble-free (left) whereas the experimental SyroPalestine glass (right) is slightly duller, and contains opaque white crystals and bubbles (both with3 wt% antimony oxide added) Fig. 9 SEM BSE image of experimental Syro-Palestine antimony opacified glass. The calcium antimonate crystals appear white in the images used mainly to make yellow pigments and opacifiers (Dik et al. 2005) , as the yellow colour is due to lead antimonate and lead stannate. However lead is occasionally used in the preparation of white pigments too (Allan 1973; Paynter 2001, 373-390) , even though the lead is not necessary for the white colour. Therefore the association of lead with antimony in late Hellenistic antimony colourless and opaque white, turquoise and blue glass may be due to the method of preparing antimony to make a white additive, but one that was used only for a limited period.
Conclusions
Compositional analysis of assemblages of Roman glass from sites in Britain compared with historical data, has illustrated the changing compositions of the antimony colourless glass reaching Western Europe at that time. Some of these changes have been attributed to production changes and others to recycling practices. This study highlights that the origins of the typical Roman antimony colourless glass can be traced back to developments in the later Hellenistic period, however analyses of Hellenistic antimony decolourised glass are lacking, and are key to better understanding the development of Roman antimony glass. The chronological analysis undertaken in this study is possible because many large assemblages of glass from Western Europe have been analysed using typological forms of known date. New experimental work has thrown light upon the division between different production centres for colourless glass, and their choice of decolorisers. Multiple key issues are highlighted:
1. The composition of the natron base glass produced in Egypt was ideally suited to the production of antimony decolourised glass. The high levels of sodium, combined with low levels of calcium and aluminium oxides, will readily dissolve several wt% of antimony oxide, producing a brilliant, refined, colourless glass. In contrast, the contemporary glass made from the renowned glassmaking sand at the mouth of the Belus river in the SyroPalestine region, contains more calcium and less sodium, and with the same concentration of added antimony oxide, begins to form a calcium antimonate opacified glass. Therefore, the glass base composition had a bearing on what type of decolouriser, antimony or manganese, was preferred by different glass producers. Egyptian glassmakers, in proximity to the natron sources of the Wadi Natrun, could make a glass which was ideal for dissolving antimony. 2. The antimony used in late Hellenistic and Roman colourless glass, is a high quality, clean source. A high quality antimony source was important for colourless glass, to avoid adding contaminants accidentally with the decolouriser. The same is true of quality white glass. Therefore, although several sources of antimony were available to the ancient glassmaker, they were not necessarily all suitable to produce high quality colourless or white glass in their raw state. The antimony ores chosen for colourless glass may have been processed to remove contaminants, or selected from purer sources for certain applications. 3. The lead in late Hellenistic antimony colourless, and some white-opacified, glass may be an intentional addition to, rather than a contaminant of, the antimony mineral. Lead is present, in approximately the same ratio to antimony, in late Hellenistic antimony colourless glass analysed to date and some white-opacified glass, and may have been added intentionally to improve the properties of the glass, or as part of a process for preparing the antimony. The presence of lead in both white-opacified and antimony colourless glass in the same period raises the possibility that the lead-bearing antimony additive used initially as a decolouriser in antimony colourless glass may have been derived from the white opacifer used in contemporary opaque glass production, but added to a different base glass. 4. Recycling of antimony colourless glasses is apparent compositionally. The lead oxide (up to 0.6 wt%) found in some 1st/2nd-century AD Roman antimony colourless glass is potentially the result of recycling late Hellenistic antimony colourless glass containing several weight percent of lead oxide. This late Hellenistic antimony colourless glass has been analysed rarely, in cast and facet-cut wares, but is likely to have been preferred when later glassworkers came to select cullet for making similar vessels. The addition of a small proportion to a glassworker's batch would result in significant lead contamination. The practice of adding lead to antimony for late Hellenistic colourless glass production appears to have been discontinued before the mid-1st century AD, but recycling would have ensured that some lead continued to be detected, particularly in 1st-century AD facet-cut wares. 5. The calcium content of antimony colourless glass is lowest in the late Hellenistic period and increases through the Roman period. This later glass is still transparent and colourless however, because at the same time the antimony content decreases, which may in part reflect difficulty obtaining a quality source of antimony towards the later Roman period (Jackson and Paynter 2015; Paynter and Jackson 2016) . In addition, the increased demand for glassware as the empire grew, alongside an increase in the volume of production meant this resource had to be used more economically. After the 4th century AD, glassmakers seek alternative types of decolorisers and opacifiers (Maltoni and Silvestri 2016; Turner and Rooksby 1959) . It is at this point Egyptian glassmakers appear to have turned to manganese as a potential alternative to antimony, and HIMT glasses start to be produced.
Implications for Roman glass technology
Roman glassmakers had a breadth of expertise and raw materials at their disposal in an ever-expanding empire. The use of good quality sands and natron seems to have ensured that most Roman raw glasses had a low iron content, all theoretically suitable for producing colourless glass or a wide palette of colours. Yet there is considerable conservatism in the types of decolouriser used by different makers of Roman colourless glass, evidenced by the apparent preference for manganese in the Syro-Palestine furnaces and antimony in the Egyptian ones. Glassworkers were also discriminating between which base glass they chose when making opaque white glass. The order in the edict of Diocletian for high quality colourless glass from Egypt gives it a higher value than other glass types, which might provide an incentive for other production centres to experiment with antimony decolourised glass, assuming that each had equal knowledge of, and access to, suitable antimony sources. However, this study indicates that subtle differences in the composition of the raw glass can have significant implications for the type of decolouriser that can be used, and that these limitations may be geographically specific. Glassmakers did not have a free choice, they were constrained in some ways by their environment and the raw materials they worked with.
Egyptian glasses were manufactured near the source of natron, and are higher in soda than their Syro-Palestinian counterparts. These high-sodium, low calcium/alumina glasses easily dissolved enough antimony to decolourise the glass. This relatively stable batch recipe would be ideal for making colourless glass in large quantities in the tank furnaces such as those seen at Beni Salama. In contrast, there would have been a high risk of calcium antimonate precipitating in the more calcium-rich, Syro-Palestinian glass recipe, particularly in the vast tank furnaces used for primary production, which cooled slowly over many days, encouraging crystallisation. Whilst the glassmakers could have increased the furnace temperature, or the proportion of imported natron in the batch, to try and counter this, both options would have had cost implications.
Conversely, Syro-Palestinian glasses were preferred for good quality opaque white glass, and Egyptian base glasses were often avoided, because the former would produce a more opaque glass with the same amount of antimony, which was probably the most expensive commodity. Opaque white glasses were produced at secondary centres, partly because opaque white glass was in less demand and so the quantities needed much smaller, but also because the degree and homogeneity of the opacity would be more easy to control in crucibles, where the temperature could be more closely controlled, than in large tanks. There are some parallels between antimony colourless glass and opaque white glass production though, as they appear to have made use of a similar antimony additive. In the late Hellenistic period, lead was probably added to this antimony additive, although later the lead was omitted.
Over time the composition of the Egyptian antimony colourless glass changes; the calcium content rises as they reduce the amount of antimony in the glass. This chronological change is apparent from the compositional data presented here because this study uses well-dated vessel forms, but the importance of recycling in interpreting these data cannot be underestimated. Recycling smears the compositions during transitional periods when glass recipes change, perhaps more so in archaeological material from north-western Europe where recycled glass was such a significant proportion of the glass in circulation (Jackson and Paynter forthcoming). Clearly, colourless glass was in demand and, even in the production of high quality vessels, recycled colourless glass was used.
The rise and decline of antimony colourless glass exemplifies many reoccurring trends in the history of early glass production. This glass is initially rare, due to the technological difficulty of making it, and used for high quality vessels in small quantities presumably for an elite market. By the Roman period, when this glass becomes more prevalent, the glassworkers' skill is demonstrated by their manipulation of different base glasses and decolourisers and recycled material to achieve the desired effects, whether opaque or colourless. In the 4th century AD when antimony supplies appear to diminish, they must also use their ingenuity to develop alternatives to the antimony-based additives that have been a mainstay of glassmaking for thousands of years. From beginning to end, colourless glass in all its brilliance reflects the economic and political changes of this time.
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